Abstract Objective-To investigate the incidence of ovarian failure after pulse cyclophosphamide treatment in systemic lupus erythematosus (SLE) and to compare this with two control groups: SLE patients treated with azathioprine, and a healthy age matched population. Methods-All women patients with SLE treated with pulse cyclophosphamide in our departnent were identified and questioned concerning menstrual history. All the hospital notes were reviewed and details recorded on dose of cyclophosphamide, duration of treatment, side effects and lowest pretreatment neutrophil and leucocyte counts during the course of treatment. Disease controls were recruited from our departnent and healthy controls from the local family health services authority (FHSA) register. Results-Incidence of ovarian failure in the premenopausal cyclophosphamide treated group was 54% and the incidence of premature menopause (occurring before age 40 years) was 41%. Increasing age at start of treatment showed a linear trend with incidence ofovarian failure (p = 0.01). Using logistic regression, increasing duration oftreatment was related to incidence of ovarian failure (p = 0 047 in those treated age 35 years or younger). An association between the lowest neutrophil count throughout the treatment period, when taken immediately before each planned cyclophosphamide pulse, and the incidence of ovarian failure was also demonstrated (p = 0 04 in those treated before age 40 years). Conclusion-Ovarian failure-in particular, premature failure after treatment with pulse cyclophosphamide-is common.
ation oftreatment was related to incidence of ovarian failure (p = 0 047 in those treated age 35 years or younger). An association between the lowest neutrophil count throughout the treatment period, when taken immediately before each planned cyclophosphamide pulse, and the incidence of ovarian failure was also demonstrated (p = 0 04 in those treated before age 40 years). Conclusion-Ovarian failure-in particular, premature failure after treatment with pulse cyclophosphamide-is common.
Factors associated with increased risk include greater age at start of treatment, longer period of treatment, and greater degree of marrow suppression as assessed by the neutrophil count immediately before each planned cyclophosphamide pulse.
(Ann Rheum Dis 1996; 55: [224] [225] [226] [227] [228] [229] Cyclophosphamide can induce ovarian failure when used in the treatment of malignancies and inflammatory diseases.'-6 Reports of ovarian failure related to cyclophosphamide have varied between 12% and 83%.' 4 [7] [8] [9] Only three of these studies have included disease controls, and none has incorporated healthy controls.2 5 10 Three studies failed to confirm ovarian failure biochemically,5 7 8 and a further two studies included incomplete hormonal analysis. 2 9 Pulse cyclophosphamide with high dose steroids has been shown to be the most effective treatment in lupus nephritis,5 7 11 12 and this combination of drugs is also used in the treatment of other features of active systemic lupus erythematosus (SLE) and other connective tissue diseases.
Cyclophosphamide is an alkylating agent that is toxic for both resting and dividing cells because it damages DNA repair mechanisms, '3 but it causes more damage to the rapidly dividing cells.'4 Its immunomodulatory mechanism includes suppression of T cell mediated immunity and a reduction of antibody production. 15 We have therefore investigated the incidence of ovarian failure in patients with SLE treated with pulse cyclophosphamide, and in two control groups: SLE patients with active disease requiring immunosuppressant treatment with azathioprine but never having received cyclophosphamide, and healthy age matched controls. Azathioprine is not recognised to be a cause of ovarian toxicity.)6 The effects of cumulative dose of cyclophosphamide, age at start of treatment, and use of the oral contraceptive pill during treatment were assessed, as these have previously been implicated as factors in the development of ovarian failure.' 2 
Results
Of the 56 patients treated over seven years with pulse cyclophosphamide, 82% were identified from more than one source. The 10 recruited from a single source were the patients treated before it became routine to keep a department infusion room diary. Four patients had died during the follow up period: one from septicaemia after four pulses of cyclophosphamide, though she had a normal neutrophil count, and the remaining three of unrelated causes after completion of cyclophosphamide treatment.
Of the remaining 52 patients, 10 had reached their natural menopause before treatment, the ages at last menstrual period being in the range 42-54 years (mean 48-9 years), excluding one patient with a premature menopause secondary to pituitary disease. A further seven patients had undergone hysterectomy and hence could not accurately date their menopause. Consequently 35 patients, with a documentable date for the last menstrual period, were susceptible to cyclophosphamide induced ovarian failure and 27 of these were younger than 40 years at the start of treatment and could thus also qualify as having a premature menopause. Two patients were unable to assist in the completion of the questionnaire, one because of chronic mental illness requiring institutionalisation, and the other because of poor psychological status. For these two individuals, the hospital and nursing records were used to acquire the menstrual history. The follow up period varied in each patient according to the interval between start of treatment and the questionnaire date, but the minimum was nine months. Table 1 shows the initial indications for treatment with pulse cyclophosphamide in the study cohort and azathioprine in the control group. None of our patients with lupus nephritis was treated with azathioprine alone, therefore their disease activity was not directly comparable with that of those in the cyclophosphamide group. Ofthe 35 patients treated with cyclophosphamide, 19 (54%) subsequently developed ovarian failure. Twelve patients (63%) developed amenorrhoea within two years of commencing cyclophosphamide treatment. Of the 27 patients treated before 40 years of age (age range 15-38 years, mean = 28-9), 12 (44%) developed ovarian failure (age range at last menstrual period 20-40 years, mean 33 5) and in 1 1 of these the menopause qualified as premature (41%). Among the cohort who developed a premature menopause, seven (64%) developed amenorrhoea within two years of the start of their cyclophosphamide treatment. A 28 year old perimenopausal patient denoted by irregular menstruation, menopausal symptoms, and postmenopausal hormone levels, was Values are number (%/6). identified, but because her amenorrhoea was of less than six months duration, she was included in the non-ovarian-failure group. The three patients who were taking the oral contraceptive pill at the time of assessment were also included in the menstruating group, though any ovarian failure may have been concealed by withdrawal bleeds.25 Table 2 describes the menopausal details of the study cohort and the control groups. In the azathioprine group, doses of the drug ranged from 125 mg to 250 mg (mean 179 mg). The age ranges and mean age values were similar in all three groups; however, there were no premature menopauses in the azathioprine or healthy control cohorts. Nineteen of the 35 SLE patients developed ovarian failure after cyclophosphamide treatment, in comparison with only one of 18 of the SLE azathioprine controls (two of the original group of 20 having undergone hysterectomy) (p = 0 0005) and one of 33 in the healthy control group (two of the original group of 35 also having undergone hysterectomy) (p = 0-000002). Table 3 lists the demographic data of the study cohort and the two control groups. No statistical difference was noted between the menstruating and ovarian failure groups with reference to smoking (p = 0 70), occupation (professional or skilled compared with semiskilled, unskilled, or unemployed, p = 0-7 1), disease duration (p = 035), racial group (p = 0-4 1), or age at menarche (p = 0 99). Parity appeared to be greater in the ovarian failure group, but this was not significant (p = 0 07). However, marital status (ever married or never married) was significantly different, with a greater number in the ovarian failure group being married (p = 0 03). Few subjects could accurately state their mother's age at menopause, making analysis of this factor unreliable. Table 4 summarises the difference in treatment between those who continued to menstruate and those who developed ovarian failure. Duration of treatment was predictive of development of ovarian failure (logistic regression, i coefficient = 0-28, SE = 0 14, p = 0047). For this analysis we excluded patients older than 35 years to limit the effect of the physiological menopause. Those patients treated for more than the usual six months because of continuing active disease were more likely to develop ovarian failure (p = 0 067). Age at start of cyclophosphamide treatment and incidence of ovarian failure showed a linear trend with increasing age (X2 for linear trend, p = 0 01). However, there was no correlation between age at the start of pulse cyclophosphamide and treatment duration (r=-0417, 95% CI -0-48 to 0417). The (47%)), but this did not reach statistical significance (p = 0-06). However, a significant relationship between cessation of menstrual periods for more than four months during treatment and subsequent development of ovarian failure was established: two of 15 compared with 10 of 18 (p = 0-01).
The lowest neutrophil counts recorded throughout the treatment period, when taken immediately before the next planned pulse of cyclophosphamide, were split into low (-1-5 X 109/1) and high groups. In those treated before 40 years of age, low neutrophil counts were associated with increased ovarian failure (p = 0-04). In the whole cohort, 70% of these lowest 'pretreatment' neutrophil counts were less than 2 X 109/l (mean = 1 9X 109/1, range 0 05-9 6), indicating that sufficient quantities of cyclophosphamide were used to induce neutropenia. No significant correlation was established between the total cyclophosphamide dose and the lowest leucocyte count taken before each planned cyclophosphamide pulse (r=-0-31, 95% CI -0 59 to 0 05).
Within the group who continued menstruating after cyclophosphamide treatment, only three patients wished to conceive and two of these were successful: one experienced an ectopic pregnancy and conceived after a further 15 months, and the other became pregnant after only three months. The single patient who failed to conceive had been infertile for 15 years before cyclophosphamide treatment, despite regular unprotected intercourse.
Discussion
The study revealed a 41 % incidence of premature ovarian failure in the SLE group treated with cyclophosphamide before age 40 years. Our results are similar to those of Austin et al, who found an ovarian failure rate of 45% in patients younger than 45 years treated with intravenous pulse cyclophosphamide;5 however, their study lacked the confirmation of the menopause by, appropriate hormone assays. Lower incidences of ovarian failure have been reported by Wang et al,' namely 27% after treatment with oral cyclophosphamide, and by Boumpas et al,2 who reported an incidence of 19% in patients treated for six months and 38% in those treated for 30 months. None of the above studies included a normal control population. One reason why incidences of ovarian toxicity have varied widely between studies is that there is no accepted cyclophosphamide treatment regimen, so treatment durations and mean doses differ. The study by Austin's group had a median follow up period of seven years, which is much longer than the median follow up of 36 months in our study. We showed that 64% of documented premature ovarian failures occurred within two years of the start of treatment so, considering the minimum follow up time of only nine months, it is likely that an even greater number of patients will subsequently develop premature ovarian failure. We classified the perimenopausal 28 year old patient as 'premenopausal' because menopausal status is assessed more accurately by menstrual history than by hormone levels during the perimenopause;26 however, it is very likely that she will develop a premature menopause in the future.
Each ovary has a reservoir of primordial follicles and from these a small number of follicles start to develop during the early luteal phase of each menstrual cycle and continue to mature for about 60 days until the late luteal phase two cycles later.27 These primary follicles, about 20 per ovary, have increased sensitivity to stimulation by FSH, and at this stage are most sensitive to cyclophosphamide toxicity. This has been confirmed in animal models by Ataya et al,28 who compared the size of follicles in the ovaries of rats treated with cyclophosphamide and controls. They showed that at the end of treatment there was no difference in the number of small (primordial) follicles between the two groups, but a significant reduction in the number of larger (primary) follicles in the treated rats. When a maturing cohort ofprimary follicles is damaged by cyclophosphamide, oestrogen production decreases, with a consequent increase in pituitary gonadotrophin concentrations. The greater the damage to the developing follicles by the cyclophosphamide, the greater the resulting hormonal imbalance and hence disruption of the normal cyclical pattern of menstruation. In our study, amenorrhoea for more than four months during treatment resulted in a significantly increased risk of ovarian failure. Thus menstrual history may be useful as a prognostic guide to the subsequent development of ovarian failure. The increase in FSH concentrations after follicular damage stimulates a new cohort of primordial follicles to develop, which enhances their sensitivity to the toxic effects of cyclophosphamide. Although it has previously been suggested as a method for ovarian protection,7 timing pulses with the menstrual cycle is likely to be ineffectual, because the vicious cycle of follicular destruction continues throughout the duration of cyclophosphamide treatment. Consequently, the longer the duration of treatment, the greater the number of continually developing follicles that are exposed to damage. We confirmed that the duration of cyclophosphamide treatment was a significant factor in the development of ovarian failure in those treated at age 35 years or younger. We excluded from this particular analysis patients older than 35 years at the start of their treatment, because treatment duration extended up to 28-5 months, and the follow up period was of up to seven years, and we wanted to exclude the effect of the natural menopause, which normally occurs between ages 45 and 55. 6 In animal studies, both the duration of treatment and the dosage of cyclophosphamide have been shown to be important in the development of ovarian failure.28 In our study, though the total dose of cyclophosphamide was not significantly associated with ovarian failure, doses tended to be greater in the ovarian failure group.
In addition to the dose related bone marrow suppression that is a feature of all cytotoxic drugs,29 cyclophosphamide is reported to have immunomodulatory effects on both T cells and B cells.'5 The degree of immunosuppression denoted by the lowest neutrophil count taken immediately before each planned cyclophosphamide pulse was associated with the development of ovarian failure. Patients aged 40 years or more were excluded from this analysis, in view of the duration of their follow up and the effect of the natural menopause. If neutropenia is necessary to the therapeutic effect of cyclophosphamide in SLE, then ovarian toxicity appears to be an inevitable consequence of this treatment.
There was a trend of increasing incidence of ovarian failure in the < 30 year group, 30-39 year group, and those > 40 years, respectively. This finding is in agreement with those of a study using oral cyclophosphamide that also demonstrated a continuous age related trend.'
The size of the follicular reserve is the major determinant of transition into perimenopause and subsequent menopause,23 and it has been suggested that, because the pool of primordial follicles is smaller in older women, they have diminished reserves and therefore develop ovarian failure sooner.' 2 In fact, there is a continued logarithmic decrease in follicle numbers from the maximum number in the seven month old fetus until the last decade before the menopause, when numbers decline more dramatically.23 Mean FSH concentrations start to increase in the decade immediately before the menopause in all women. 30 Richardson proposed that this increased concentration of FSH caused an increased number of primordial follicles to develop each month, and hence a greater number ultimately to suffer 23 follicular atresia. If this is true, the increased risk of ovarian failure in the older patients treated with cyclophosphamide can be explained by the increased number of developing cyclophosphamide sensitive follicles.
The duration of the follicular recruitment and development cycle, and hence the period of susceptibility to damage, are central to the development of ovarian toxicity. If the cycle of follicular development could be slowed or stopped by medication, the ovary may be protected. The oral contraceptive pill, progesterone, and gonadotrophin releasing hormone analogues (GnRH) have all been suggested to have protective effects on the ovary.'7 31 32 The oral contraceptive pill inhibits ovulation via a negative feedback mechanism on the hypothalamus, reducing the surge of FSH and luteinising hormone (LH) and preventing ovulation; however, follicular development may continue, particularly with the newer lower dose oestrogen pills. In our study, we found that the low dose oral contraceptive pill failed to protect the ovaries. Chapman's small study of six women did show a protective effect of the higher dose oral contraceptive pill (ethinyl oestradiol 50 ,ug), but this dose is now rarely used because of the increased risk of thrombosis. ' If GnRHs are safe in SLE, they could be used with cyclophosphamide treatment for the dual purpose of ovarian protection and reduction of disease activity. Storage of ova is becoming available, and for those wishing to start a family after cyclophosphamide treatment this may be helpful.38 However, ova storage takes time to organise, and often the decision to commence treatment cannot be delayed, because vital organs are in danger.
We used a control group of patients with active SLE also requiring immunosuppression to observe the effect of active disease on the timing of the menopause. The incidences of ovarian failure in the azathioprine treated control group and the healthy control group were very similar, suggesting that active disease does not significantly affect age at menopause. It is acknowledged that the degree of disease activity in the azathioprine group may have been less than that in the cyclophosphamide group. However, the group of SLE patients who had reached their menopause before commencement of cyclophosphamide treatment had a mean age at menopause of years, similar to the estimated mean for Western Europe (49-50 years).24
Confounding factors, such as smoking and occupation, were not significantly different between the group that continued to menstruate and the group that developed ovarian failure, but marital status did differ: ever being married was more common in the group who subsequently developed ovarian failure, contrary to expectation, as ever being married is usually associated with later onset of menopause.2' As the mean age was greater in the ovarian failure group, it could simply be that older women are more likely to have married. Likewise, parity appeared to be more common in the ovarian failure group, despite an association with later age at menopause,21 but this may also have been a consequence of the age difference. Hence the incidence of ovarian failure in our study group cannot be explained by confounding factors. Demographic data of the three groups were similar, except for race in the healthy control group. These control subjects were randomly selected from a population of more than 600 000 from the Nottingham area, which is well represented by whites, asians, and Afro-Caribbeans. This discrepancy in race between the diseased and healthy groups emphasises the increased prevalence of SLE in Afro-Caribbean groups. 39 In conclusion, 
